Variations in tropical cyclone-related discharge in four watersheds near Houston, Texas  by Zhu, Laiyin et al.
Climate Risk Management 7 (2015) 1–10Contents lists available at ScienceDirect
Climate Risk Management
journal homepage: www.elsevier .com/ locate/crmVariations in tropical cyclone-related discharge in four
watersheds near Houston, Texashttp://dx.doi.org/10.1016/j.crm.2015.01.002
2212-0963/ 2015 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
⇑ Corresponding author at: Department of Geography and Environmental Engineering, Johns Hopkins University, Baltimore, MD 21218, USA.
E-mail address: lzhu18@jhu.edu (L. Zhu).Laiyin Zhu a,b,⇑, Steven M. Quiring a, Inci Guneralp a, Walter G. Peacock c
aDepartment of Geography, Texas A&M University, College Station, TX 77843-3147, USA
bDepartment of Geography and Environmental Engineering, Johns Hopkins University, Baltimore, MD 21218, USA
cDepartment of Landscape Architecture and Urban Planning, Hazard Reduction and Recovery Center, Texas A&M University, College Station, TX 77843-3137, USAa r t i c l e i n f o
Article history:
Available online 29 January 2015
Keywords:
Tropical cyclone
Precipitation
Discharge
Houstona b s t r a c t
We examined a 60-year record of daily precipitation and river discharge related to tropical
cyclones (TCs) in four watersheds undergoing land use and land cover change near Hous-
ton, Texas. Results show that TCs are responsible for 20% of the annual maximum dis-
charge events in the four selected watersheds. Although there are no trends in TC
precipitation, increasing trends were observed in daily extreme discharge and TC-related
discharge. The more developed watersheds (Whiteoak Bayou and Brays Bayou), tend to
have higher extreme discharge and steeper trends in extreme discharge than the less
developed watersheds (Cypress Creek). Increases in TC-related extreme discharges corre-
spond with increases in developed land and decreases in vegetated land between 1980
and 2006. Therefore, changes in land cover/use in watersheds near Houston are a major
cause of the increased ﬂooding risk in recent years.
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CCBY
license (http://creativecommons.org/licenses/by/4.0/).Introduction
River ﬂooding is a hazard that causes major destruction and loss of life in the United States (Pielke and Downton, 2000).
Heavy to very heavy daily precipitation (90th–99.7th percentile) has increased in some areas of the continental U.S.
(Easterling et al., 2000; Groisman et al., 2004, 2005; Kunkel et al., 2007) and therefore increased the risk of river ﬂooding.
Tropical cyclones (TCs) are an important component of the climatology of heavy precipitation in the southeastern U.S.
(Knight and Davis, 2009; Kunkel et al., 2012). Kunkel et al. (2012) analyzed the causes of extreme precipitation events in
the U.S. and demonstrated that TCs have accounted for 13% of extreme events since 1908. Kunkel et al. (2010) and
Knight and Davis (2009) both found recent upward trends in tropical cyclone precipitation (TCP) in the continental U.S.
TCP is one of the major drivers of extreme discharge events in the U.S. (Villarini and Smith, 2010, 2013). Houston has been
identiﬁed as one of the hot spots for TCP risk in Texas and Zhu et al. (2013) estimated that 500 mm of TCP has a return period
of 100 years and 800 mm of TCP has a return period of 1000 years. TCP events of this magnitude will generate extreme
discharge in Houston watersheds and also lead to signiﬁcant damage and potential loss of life.
In addition to TCP risk, land use change can signiﬁcantly inﬂuence river discharge (Smith et al., 2002; Villarini et al., 2009;
Zhang and Schilling, 2006). At smaller spatial scale, urbanization increases impervious surfaces and thus reduces the time of
concentration for runoff and increases peak discharge (Ogden et al., 2011; Smith et al., 2002; Wissmar et al., 2004). Burns
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New York City. Olivera and Defee (2007) examined discharge in Whiteoak Bayou in Houston and concluded that runoff
depths and peak ﬂows have increased by 146% and 159%, respectively, as a result of the increases in impervious surfaces.
They demonstrated that urbanization accounts for 77% and 32% of the increases in runoff depths and peak ﬂows. Changes
in agriculture management (Potter, 1991; Schilling et al., 2008) can also alter subsurface and surface ﬂows during a storm
and inﬂuence the frequency and magnitude of extreme discharge.
Texas is a state that has been frequently inﬂuenced by severe river ﬂooding (Ashley and Ashley, 2008; Villarini and Smith,
2013). Tropical cyclones (TCs) are one of the primary causes of both extreme precipitation (Zhu and Quiring, 2013) and
severe river ﬂooding in Texas (Bradley and Smith, 1994; Villarini and Smith, 2013). Many of the recent TCs that have caused
more than a billion dollars in losses have made landfall near Houston (e.g., Tropical Storm Allison, Hurricane Rita, and Hur-
ricane Ike) (http://www.ncdc.noaa.gov/billions/). In addition, human activities have changed the land cover signiﬁcantly in
recent years. Population growth is causing rapid urbanization around Houston, especially since the 1990s (Shepherd et al.,
2010). Urbanization in the Houston area has also increased its vulnerability to river ﬂooding (Brody et al., 2013; Olivera and
DeFee, 2007). Although Houston is frequently inﬂuenced by TCs (Zhu et al., 2013; Zhu and Quiring, 2013), few studies have
examined the TCP-related extreme discharge in watersheds near Houston.
The main objective of this study is to examine how TCP contributes to extreme discharge in watersheds undergoing land
use change near Houston. We will compare long-term TCP and river discharge records (1950–2009) with the land use change
history for individual watersheds. Variations in physical conditions of those watersheds provide an opportunity to examine
the trends and relationships in TCP, unit-area discharge and their possible linkages to changes in land use/land cover. This
studywill provide new knowledge regarding the changing ﬂooding risk in the greater Houston area, speciﬁcally related to TCs.Data and methods
Site description
The four selected watersheds (Cypress Creek, Whiteoak Bayou, Buffalo Bayou, and Brays Bayou) are located in southeast-
ern Texas and cover the greater Houston metropolitan area (Fig. 1). These watersheds have relatively ﬂat relief (0.1%) andFig. 1. The San Jacinto River Basin and the selected watersheds and rain gauges used in this study.
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classiﬁed as a humid subtropical climate. Summer is the hottest season with the most precipitation. The mean annual pre-
cipitation is 1450 mm and the mean annual potential evapotranspiration is 1394 mm. These watersheds are either dom-
inated by intensely developed land or have been undergoing rapid urbanization. Whiteoak Bayou, Buffalo Bayou, and Brays
Bayou are mostly within the city of Houston and so some of the river networks in these watersheds are regulated by engi-
neering ﬂood or water quality control structures. In Fig. 1 the river networks are delineated by the National Hydrography
Dataset from the U.S. Geological Survey (USGS). Buffalo Bayou has a ﬂood control reservoir constructed before 1950 and
Cypress Creek is a suburban area and about half of the basin is developed land and the other half is a mix of forest, grassland
and agricultural ecosystems.Data
Daily stream discharges from 1950 to 2009 were extracted from the USGS database (http://nwis.waterdata.usgs.gov/
nwis/) for all four watersheds. Daily precipitation data from 7 rain gauges were obtained from the National Climate Data
Center (ftp://ftp3.ncdc.noaa.gov/pub/data/3210/; http://data.rcc-acis.org/doc/). All of the rain gauges have a serially com-
plete 60-year record (Table 2). These rain gauges spatially cover the selected watersheds (Fig. 1) and a representative rain
gauge was selected for each of the watersheds (Table 2) using Thiessen polygons (Thiessen 1911) to determine which gauge
has the greatest contributing area for each watershed. For instance, rain gauge #1222 is selected as the representative gauge
for Cypress Creek since it represents 21.13% of the area of that watershed. Similarly, rain gauge #650 is selected for the
Whiteoak Bayou since it represents 71.25% of the watershed. Rain gauge #144 is representative for the Buffalo Bayou
(72.21%) and #648 is used for Brays Bayou (46.53%).
TCP was extracted using the Moving ROCI (radius of outer closed isobar) Buffer Technique (MRBT) approach developed by
Zhu and Quiring (2013). The MRBT method considers both the size and translation speed of each TC to identify daily TCP. In
the analysis, all TCs that passed through or were within 500 km of Texas between 1950 and 2009 were considered. A TCP day
was deﬁned as a day when any of the 7 rain gauges receive TCP. There are 389 TCP days in the Houston region between 1950
and 2009.
Historical land use/land cover (LULC) data from four periods (1980, 1992, 2001 and 2006) have been used to evaluate the
inﬂuence of LULC change on discharge. They are all derived from satellite images. The 1980 LULC data were obtained from
the Enhanced Historical LULC Data Sets of the U.S. Geological Survey. These data have a 30-meter resolution and were used
to represent the LULC in the watersheds during the late 1970s and 1980s (Price et al., 2006). The 1992, 2001 and 2006 LULC
data were obtained from the USGS Multi-Resolution Land Characterization (MRLC) Consortium (www.mrlc.gov/) and have a
30-meter resolution. The original classiﬁcations have been reclassiﬁed into 5 groups (Table 3) to improve interpretability.
Daily unit-area discharge was calculated by dividing the measured discharge by the area of the watershed. The TCP unit-
area discharges (TCD) are deﬁned as the daily unit-area discharge between day 1 and day +3 for all TCP days. Past studies
have used a day 3 to day +7 window to select maximum TC-related daily discharge in the eastern U.S. (Hart and Evans,
2001; Villarini and Smith, 2010; Waylen, 1991). Considering the smaller size of the selected watersheds and the length of
the TCP event (usually 1–3 days), the use of a shorter window is believed to be appropriate here.Methods
Spatial and temporal variations of precipitation and discharge were analyzed in four selected watersheds. The Mann–
Kendall test and Sen’s method (Kendall, 1975; Mann, 1945) were used to examine the monotonic trends and their slopes
in all of time series data at the 95% signiﬁcance level. A modiﬁed test approach proposed by Hamed and Ramachandra
Rao (1998) was used in this study because it considers the serial correlation in time series.
The annual maximum TCP and the annual maximum TCD were examined and compared with the annual maximum unit-
area discharges (AMD). The 98th percentile daily unit-area discharges were also calculated annually to represent large ﬂows
with hydrological signiﬁcance. This threshold was also chosen because the 389 TCP days also comprise 1.8% of all of the
days between 1950 and 2009. The number of TCDs that exceed this threshold were determined for each watershed annually.
TCP/TCD cases were grouped into 10-year blocks for statistical comparison. Since only four discrete time steps are available
for the land use change (1980, 1992, 2001 and 2006), we calculated the mean TCDs for four blocks corresponding to those
four years to compare with the LULC.Table 1
Summary of the information for selected stream gauges.
Station Lat. Lon. Contributing area (km2) Average annual discharge (cm) Record length (years) Station name
8069000 30.04 95.43 725.2 195.7 60 Cypress Creek near Westﬁeld, TX
8074500 29.78 95.40 242.7 122.4 60 Whiteoak Bayou at Houston, TX
8073500 29.76 95.61 724.2 267.8 60 Buffalo Bayou near Addicks, TX
8075000 29.70 95.41 276.8 205.5 60 Brays Bayou at Houston, TX
Table 3
Rules and land use/cover classiﬁcation.
Year Developed land Grass and agriculture land Forest Water Wetland
1980 11. Residential 21. Cropland and pasture 41. Deciduous
forest land
51. Streams and
canals
61. Forested wetland
12. Commercial and services 22. Orchards, groves, vineyards, nurseries, and
ornamental horticultural
42. Evergreen
forest land
52. Lakes 62. Nonforested
wetland
13. Industrial 23. Conﬁned feeding operations 43. Mixed forest
land
53. Reservoirs
14. Transportation,
communication, utilities
24. Other agricultural land 54. Bays and
estuaries
15. Industrial and commercial
complexes
31. Herbaceous rangeland
16. Mixed urban or built-up
land
32. Shrub and brush rangeland
17. Other urban or built-up
land
33. Fixed rangeland
1992 21. Low intensity residential 51. Shrubland 41. Deciduous
forest
11. Open Water 91. Woody wetlands
22. High intensity residential 61. Orchards, vineyards, other 42. Evergreen
forest
92. Emergent erbaceous
wetlands
23. Commercial, industrial,
Transportation
81. Pasture/hay 43. Mixed forest
82. Row crops
83. Small grains
85. Urban/recreational grasses
2001 21. Developed, open space 52. Shrub/scrub 41. Deciduous
forest
11. Open water 90. Woody wetlands
22. Developed, low intensity 71. Grassland/herbaceous 42. Evergreen
forest
95. Emergent
herbaceous wetlands
23. Developed, medium
intensity
81. Pasture/hay 43. Mixed forest
24. Developed, high intensity 82. Cultivated crops
2006 21. Developed, open space 52. Shrub/scrub 41. Deciduous
forest
11. Open water 90. Woody wetlands
22. Developed, low intensity 71. Grassland/herbaceous 42. Evergreen
forest
95. Emergent
herbaceous wetlands
23. Developed, medium
intensity
81. Pasture/hay 43. Mixed forest
24. Developed, high intensity 82. Cultivated crops
Table 2
Summary of the most representative rain gauges for each watershed.
Station Lat. Lon. Years Cypress Creek (%) Whiteoak Bayou (%) Buffalo Bayou (%) Brays Bayou (%)
144 29.81 95.73 60 4.01 – 72.21 –
317 29.71 95.69 60 6.40 – 13.07 32.84
377 30.02 95.71 60 – 9.22 6.25 –
644 29.79 95.43 60 – 26.60 – 2.40
648 29.66 95.47 60 13.80 – – 45.53
650 29.87 95.53 60 71.25 – 8.46 –
1222 29.62 95.64 60 21.13 – – 18.23
⁄Rain gauges’ contributing percentage to the river gauge were calculated by the percentage their Thiesson polygon area in the corresponding watershed.
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Variations in TCP and TCD
There is no obvious difference in the mean value of the annual maximum TCP among selected watersheds. This is not too
surprising given that these watersheds are located close together. The skewness test showed that all four watersheds have
positive skew numbers, which means a longer right tail in the distribution. The Cypress Creek (1.86) and theWhiteoak Bayou
(1.88) show larger skew numbers than the Buffalo Bayou (1.12) and the Brays Bayou (1.46), meaning they have larger
extreme values in their distributions. No statistically signiﬁcant trend is observed in the time series of annual maximum
TCP (blue bars) and annual maximum TCD (black circles). Many annual maximum TCDs have very similar values to the
AMD (red dots, Fig. 2). And 20% of the AMDs have the same value as the annual maximum TCDs. This demonstrates the
importance of TCP in producing extreme discharge. In addition, there is substantial inter-annual variability. Watersheds with
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the engineering controlled watershed (Buffalo Bayou) and the less developed watershed (Cypress Creek). Whiteoak Bayou
and Brays Bayou are the only two watersheds with a statistically signiﬁcant increasing trend in AMD (Mann–Kendall test,
95% signiﬁcance). Whiteoak Bayou (Fig. 2b) had the historical maximum TCD (2.22 cm/km2) from Tropical Storm Allison
in 2001. TS Allison also generated the largest daily TCP (300 mm) in Cypress Creek and Whiteoak Bayou. High discharge
events were more frequent, especially after 1980.
Fig. 3 shows the annual 98th percentile daily discharge (98D) and TCD cases that exceed that threshold. Statistically sig-
niﬁcant (95% level) increasing trends are in the 98D in Whiteoak Bayou, Buffalo Bayou, and Brays Bayou and they show dif-
ference in slopes. The steepest slope appears in Brays Bayou (1.1  103 m3 s1 km2 per year), a highly urbanized
watershed. The effect of engineering control in Buffalo Bayou is obvious for the 98D (Fig. 3c) since it demonstrates no trend
and substantially lower mean value than other watersheds. There are also variations in the mean value of 98D among other
watersheds. Brays Bayou has the highest annual mean 98D (0.16 cm/km2) and Buffalo Bayou has the lowest mean annual
mean 98D (0.06 cm/km2). There is substantial inter-annual variability in number of TCDs exceeding the 98D. The mean num-
ber of TCDs that exceed the 98D is relatively similar in all watersheds (blue dash lines in Fig. 3).
LULC and potential links to TCP and TCD
The Houston metropolitan area experienced dramatic changes in land cover between 1980 and 2006. The urban area
expanded in every direction, especially to the north, and vegetated land cover types decreased (Fig. 4). Our analysis ofFig. 2. Annual maximum TCP (mm), annual maximum daily unit-area discharge (cm/km2) and maximum daily unit-area discharge associated with the
annual maximum TCP for each watershed.
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land). Watersheds located near to Houston experienced dramatic increases in developed land (40%) and decreases in grass-
land and agriculture (20% to 60%) (Fig. 2c and d). The percentage of developed land changed from 40% in 1980 to >90% in
2000s in Brays Bayou that watershed (Fig. 4). Both the Whiteoak Bayou and Brays Bayou watersheds had reductions
in grassland and agricultural land from >50% in the 1980 to near zero in 2006. All of them observed signiﬁcant increases
in AMD and 98D. Buffalo Bayou is a potential exception. It has low AMD and TCD even though it has large increases in devel-
oped land from near zero to 40% by 2006 and reductions in grassland (by 50%). High values and increasing trend are also
observed in discharges in the Cypress Creek, although they are in much smaller magnitude if compared with other more
developed watersheds.
The two most extreme TCP events (>200 mm) are observed in Whiteoak Bayou watershed in 1998 and 2001 (blue bars,
Fig. 2b). Much of this watershed is located in northwestern Houston and downtown Houston. It had the largest increase in
developed land between 1980 and 2006 (Fig. 4). Some extreme TCP cases also occurred in the suburban watersheds (Cypress
Creek) with a mixture of developed land and vegetation located north of Houston. The largest daily TCPs are >150 mm for all
watersheds.
Fig. 5 demonstrates the relationships between the TCD and LULC.We calculated the decadal average annualmaximumTCD
in eachwatershed for 1977–1983, 1989–1995, 1998–2004, and 2003–2009, corresponding to the available LULC data in 1980,
1992, 2001, and 2006. We normalized the TCD by the corresponding TCP amount remove the bias. Fig. 5a shows that higher
percentage of developed land are all generally corresponding to larger amount of TCD for the same watershed. Similarly, the
amount of TCD all reduce as there is less amount of grassland and agriculture in the same watershed (Fig. 5b). The systematic
difference in the mean values of the normalized TCD are basically corresponding with the size of watershed (Table 1).Fig. 3. Time series of the 98th percentile daily unit-area discharge (red) and cases with TCP related daily discharge larger than the threshold (blue). (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 4. Spatial and temporal variations of the land use and land cover in different watersheds (in percentage) between 1980 and 2006.
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pattern corresponding to LULC. There is signiﬁcant inter-decadal variation in TCP in the four watersheds. There is no obvious
trend exist in the decadal median TCP (Fig. 6a–d). In contrast, nearly all watersheds show a pronounced increase in the dec-
adal median TCD (Fig. 6e–h), especially Cypress Creek, Whiteoak Bayou and Brays Bayou. The median TCDs in the 2000s are
much greater than those in the 1950s. This is not the case for TCP. The plots of TCD also have many more outliers (larger than
99.3% percentile) than the TCP plots. The magnitude of the TCP outliers did not change much from 1950 to 2000. In contrast,
there are systematic increases in the magnitude of TCD outliers in Cypress Creek, Whiteoak Bayou, and Brays Bayou. It is
interesting to note that the number of TCD outliers in Buffalo Bayou has decreased. This is likely associated with engineering
controls in the watershed.
Discussion and conclusions
Variations in extreme TC precipitation and discharge were investigated in four watersheds near the Houstonmetropolitan
area. Many of these watersheds have experienced signiﬁcant LULC since 1980. The large variability in the annual time series
of extreme TCP and discharge corresponds to the variability in TC activity. Our ﬁndings suggest that 20% of the annual max-
imum discharge events in these watersheds are caused by TCP and they produce the largest ﬂoods in the most urbanized
watersheds.
Although previous studies suggest that LULC can inﬂuence precipitation patterns (e.g., land–atmosphere interactions and
aerosols) (Li et al., 2008; Shepherd et al., 2010), we did not ﬁnd that pattern in our TCP, except several extreme values in
urbanized watershed after 1980. Knight and Davis (2009) demonstrated that extreme TCP has been increasing in the U.S.
due to increases in TC frequency and the amount of precipitation associated with each TC. Model simulations predict that
TC precipitation (TCP) may increase 20% during the 21st century (Knutson et al., 2010). However, we found no evidence
of statistically signiﬁcant increases in TCP in Houston from 1950 to 2009. This suggests that the TCP climatology record is
still short and there is also large interannual variability in it.
Fig. 6. Box and whisker plot of daily TCP (a–d) and TCP related unit-area discharge (e–h) organized in 10 year blocks for selected watersheds. The top and
bottom of each box represent 25th and 75th percentiles. Median extents are shown by the red line in each box. Whiskers (black horizontal lines) represent
approximately ±2.7r and 99.3% coverage if the data are normally distributed. Red crosses outside the whiskers are considered outliers. (For interpretation
of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 5. Relationship between the seven year average maximum Unit discharge/TCP and the corresponding LULC percentage ((a) is for the percentage of the
developed land, (b) is for the percentage of the grassland and agriculture).
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development. For example, by 2001 more than 90% of Whiteoak Bayou was developed land (Fig. 4c). Similarly, Brays Bayou,
which is located in southwestern Houston and extends well into the city’s core, also has undergone signiﬁcant development
since 1980. Stronger increasing trends in 98D in these two more developed watersheds (Fig. 3b and d) appear to be associ-
ated with the rapid increase in developed land between 1980 and 2006 (>40% increase during this period) (Fig. 4). The nor-
malized decadal average annual maximum TCD are showing a positive relationship with developed percentage land and a
negative relationship with the grassland percentage in all watersheds. There is also a pronounced increase in the decadal
median TCD in 3 more developed watersheds, especially after the 1980. They all indicate that the trends in extreme dis-
charge in these watersheds are strongly associated with LULC. Urban development results in more impervious surface, lead-
ing to a reduction in inﬁltration of rainfall into the soil and in the time of concentration for runoff, and thus, an increase in
discharge (Hollis, 1975; Hundecha and Bardossy, 2004). Therefore, the frequency and magnitude of extreme discharge
events are expected to increase in urban areas (Jennings and Jarnagin, 2002; Ogden et al., 2011).
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extreme discharge. Although not as strong as in those developed watersheds, the increasing trend in the 98D in Cypress
Creek (Fig. 3a) appears to be associated with the >20% increase in the developed land and the reductions in forested area
(>10%) and grassland (20%) between 1980 and 2006 (Fig. 4). We also demonstrated that the normalized decadal average
annual maximum TCD are showing a negative relationship with the percentage of grass/agriculture land in all watersheds.
The engineering ﬂood control in Buffalo Bayou appears to be effective in limiting the most extreme discharges in the
upper portion of the watershed. The river gauge for the upper stream of Buffalo Bayou has distinctively low AMD and
TCD (Fig. 2c) and 98D (Fig. 3c) if compared with other selected gauges. This is perhaps due to the two large ﬂoodwater deten-
tion basins (Addricks and Barker Reservoirs) completed before the 1950s and modiﬁed in the 1950s and 1960s (Storey,
1998).
This study indicates that there is an increased risk of TCP-related discharge, especially after the 1980, in the more devel-
oped watersheds in the Houston metropolitan area. This is mainly caused by changes in land use in these watersheds. This is
important because signiﬁcant LULC is occurring in many regions of the world, particularly in coastal zones (Foley et al.,
2005). According to the U.S. Census, Houston is the 8th fastest growing city in the U.S. and the population has increased
by 1,231,393 (26.11%) from 2000 to 2010. Therefore, rapid development and LULC will continue to take place in Houston
watersheds. Here we have shown that this leads to increases in extreme discharge, especially due to TCP. Although there
have been increases in extreme discharge between 1950 and 2009, these do not appear to be associated with increases in
TCP. However, extreme precipitation (both TCP and non-TC precipitation) is projected to increase in the future (Knutson
et al., 2010; Lau et al., 2013) and this will further exacerbate the ﬂooding risk in Houston watersheds. Therefore, reducing
vulnerability to TC-induced ﬂooding will require addressing issues related to urban development and ﬂoodwater manage-
ment. There are majorly two options to mitigate the urban ﬂood risk: the structural and non-structural approaches. The
structural ones have proved to be effective in controlling extreme discharges in the Buffalo Bayou in our study. However,
the structural options also have some disadvantages (Highﬁeld et al., 2014), including the relative high cost (Stein et al.,
2000) and adverse impact on ﬂood risk in downstream areas (Birkland et al., 2003). Another risk management option is
the non-structural approach, including wise land planning and zoning, education and risk awareness, better ﬂooding warn-
ing, open space protection, etc. (Highﬁeld et al., 2014). Houston is a city that does not have zoning and therefore we believe
better land use planning and zoning will be the most effective mitigation strategy to reduce the risk of river ﬂooding from
TCP and other weather systems. Well-planned land use will not only reduce the concentration speed of the ﬂood water, but
also help people to live in much safer locations.
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